The optical transitions in a range of 1.5-5.2 eV of n-type 4H-SiC have been investigated experimentally by photoacoustic spectroscopy and theoretically by a full-potential linearized augmented plane wave method. From the absorption spectrum, we found the indirect optical bandgap at 3.2 eV and the direct transitions around 4.5 eV in very good agreement with what has been predicted by theoretical calculations.
Introduction
4H-SiC is a prominent semiconductor material for highpower, high-temperature, and high-frequency devices with large applicability, such as field effect transistors and ultraviolet detectors [1, 2] . There is a lack of more information on optical transitions beyond the indirect bandgap energy. Recently the optical and transport properties of the doped 4H-SiC have been further investigated [2] [3] [4] . In this work, we have investigated the optical properties of n-type 4H-SiC, both experimentally and theoretically. The photoacoustic spectroscopy technique has been used to measure the optical absorption spectrum. The present theoretical study of the electronic structure of 4H-SiC is based on the local density approximation (LDA) within the density functional theory, employing the first-principle, fullpotential linearized augmented plane wave method [5] . We have therefore made an estimate of the correction Δ g to the bandgap by using a quasi-particle (QP) method proposed by Bechstedt and Del Sole [6, 7] . Here we present the results and discuss for theoretical calculations, while the readers are called for further details in the cited references and in Ref. [7] . Finally, a detailed discussion about all the transitions is presented.
Experimental procedures

Sample
The measured sample for the spectroscopy experiments was n-type 4H-SiC, doped around 7 × 10 18 cm − 3 with a Si-face, 25-μm-thick epilayer grown by hot wall chemical vapour deposition [8] .
Photoacoustic spectroscopy
In brief, the photoacoustic effect consists of illuminating a given material with a modulated light beam and measuring the subsequent temperature fluctuation induced in the sample resulting from the light absorption, due to nonradiative deexcitation processes within the sample. The intermittent heat is transferred into the sealed gas chamber generating an acoustic signal that can be detected by a microphone [9] . The experimental setup is described in Fig. 1 [10] . The radiation source is Monochromatic light is then diffracted in a narrow band wavelength by a grating monochromator (Oriel 77296), which permits the scanning of a region from 200 to 800 nm. The light comes out through a slit of 3 mm wide and passes through a mechanical modulator (chopper) (Stanford Research Systems SR540) that contains a holed disk that gyrates in such a stable manner that it generates a reference signal to the detection setup.
To eliminate the superior order diffraction, we use band pass filters that cut off second order, and after that the beam is collimated by two quartz lens having focal length f 1 = 100 mm and f 2 = 150 mm. The light goes through a quartz window and reaches the sample inside the chamber. The photoacoustic cell has a sensitive microphone (Brüel e Kjaer, BK 2669) connected to it which transduces the signal and feeds it into a Lock-in amplifier (EG&G Instrument 5110), which synchronizes the photoacoustic signal with the reference pulse from the chopper. All photoacoustic spectra were performed in the modulation frequency of 20 Hz. System acquisition is attained automatically through a personal computer that controls all instrumentations and also normalizes spectra with fine carbon black. All the experiments were performed at room temperature and by using non-polarized light.
Results
Fig . 2 shows the average photoacoustic optical absorption spectra of 4H-SiC after three runs, which show a band with a peak position of the absorption identified as the optical bandgap around E g = 3.2 eV. This bandgap is originated from the phonon-assisted optical transition. It can also be noted that four other absorption bands are present, a broad band at 2.0 eV and the others around 4.5, 4.6, 5.0 and 5.1 eV, characteristics of semiconductors behavior supported by theoretical calculations for the same 4H-SiC [7, 11] . The absorption band (around the peak position) at 3.2 eV agrees with the value found in the literature [12] . Another peak at about 4.7 eV was observed in some spectra, although it is not predicted in the theoretical calculations. Thus, as it was not possible to assign its origin, it was not included in our analysis. The origin to this peak may be phonon assisted absorption since the optical phonon energy is about 0.1eV, and both peaks are about (4.6 + 0.1) eV.
Discussion
As is well known [9, [13] [14] [15] , the optical absorption measurements is sensitive to doping amount, which means that there are a lot of carriers that are excited in transitions into the conduction band. The bandgap value of about 3.27 eV for intrinsic material at room temperature [12] will be lower in energy due to the screening of the temperature-induced excitations of electrons. For an impurity concentration of 7 × 10 18 cm − 3 the freeelectron concentration is about 5 × 10 17 cm − 3 [16] and with this gas of free electrons, the bandgap is reduced by about 40 meV [17] , yielding a bandgap of about 3.23 eV. This is in good agreement to the measured value presented here [18, 19] .
The conduction-band minimum of 4H-SiC is at the M-point. The second lowest conduction-band minimum is located at the M-point for 4H-SiC, and consequently in 4H-SiC, as in 3C-SiC [7] , there can be direct transitions between the two conductionband minima. The energy difference between the two lowest minima is small in 4H-SiC [ΔE(M) = 0.12 eV], which is close to the experimental value of ∼0.14 eV, obtained by Im et al. [20] from ballistic electron emission microscopy. This energy difference of the two minima is close to the optical phonon energies of 0.10-0.12 eV [18] . The second band will therefore influence the electronic transport properties at high temperatures and/or when high electric fields are applied. For optical properties, the direct bandgap transition energy is important. The energy difference between the two upper valence bands is about 0.5 eV. The lowest energy for direct transitions from the valence band to the conduction band is ΔE(M) = 4.47 eV, and the higher is ΔE(M) = 4.96 eV calculated with the LDA + QP model. With the extra 0.12 eV up to the second band, there should be transitions also at about 4.59 and 5.08 eV which is in a very good agreement with the peaks observed in our measurements presented in Fig. 2 . The reader should be addressed to Ref. [7] to all detailed calculations concerning to the band The absorption band around 2.0 eV, which is about 1.2 eV below the conduction band edge, can be identified as Cr or V levels presented at the n-doping 4H-SiC, as pointed out by Achtziger and Witthuhn [21] . Sridhara et al. [22] have observed this band. It has suggested to be due to nitrogen donor levels associated to the transitions with c 1 (M1)-c 4 (M3) [23] .
Conclusions
We have measured the optical transitions of 4H-SiC, using photoacoustic spectroscopy. The resulting absorption spectrum with different optical transitions in a range of 1.5-5.2 eV is in excellent agreement with the previously theoretical calculations. We have identified the optical transitions from the electronic structure as being transitions at the X point with the effects of the two conduction band minima around 4.5 eV corresponding to where the direct transition is situated. For the indirect transition, i.e., the bandgap energy, it is found to be 3.2 eV.
